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Frogeye leaf spot is a foliar disease of soybean caused by Cercospora sojina
Hara, which until recently had been successfully managed by quinone outside inhibitor
(QoI) fungicides. After widespread resistance to the QoI fungicides was reported
throughout Mississippi, the next step in characterizing C. sojina was to study the fitness
of selected isolates. Fitness measurements of resistance stability, colony growth, conidia
production and germination, and virulence were assessed. A phylogenetic analysis was
also conducted to assess the genetic similarity of the QoI-resistant and -sensitive C.
sojina isolates. All isolates remained stable in terms of QoI resistance. Results of all
fitness measurements indicated no significant differences between the QoI-resistant and
-sensitive C. sojina isolates. The phylogenetic analysis supported these results revealing
similarity between QoI-resistant and -sensitive C. sojina isolates. Based on these results
no indication of a fitness cost is associated with QoI resistance in C. sojina isolates from
Mississippi soybean.
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CHAPTER I
INTRODUCTION
History, Production, and Use of Soybean
Soybean, Glycine max L. (Merr.), was domesticated in the eastern half of northern
China between 1550 and 1027 B.C., but possibly earlier (Hartman et al. 1999). In 1765,
soybean was introduced into the United States (U.S.) and within less than 150 years
became one of the most produced and economically important crops in the U.S. (Hartman
et al. 1999). From the late 1800s until 1920, soybean was grown primarily as forage in
the U.S. (U.S. Soy 2006; Warren 1998). By 1929, U.S. soybean production had grown to
250,000 metric tons produced on approximately 290,000 hectares, and by 1940,
production had reached 2.1 million metric tons produced on approximately 2 million
hectares (NASS 2016a; U.S. Soy 2006). Soybean production began in the southern U.S.,
but expanded north and westward as new varieties with tolerance to drier weather
conditions and hastened maturation were developed (U.S. Soy 2006). Currently, soybean
is produced in the Midwest, mid-south, southeast, and east coast regions of the U.S.
(USSEC 2016). By the early 1950s, soybean meal had become available as a low-cost,
high-protein feed ingredient, triggering an explosion in the U.S. production of livestock
and poultry. In 2016, soybean production in the U.S. reached 117 million metric tons
(NASS 2016b). The U.S. ranks number one in soybean production in comparison to the
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other top 10 soybean-producing countries and produces approximately 33% of the
world’s soybean (USDA 2016).
Soybean seed are primarily used as a source of vegetable oil and protein, but are
also consumed, at an immature stage, as a vegetable by humans (Hartman et al. 1999).
Soybean oil is the most widely used, edible oil in the world and can be found in various
products, such as cooking oil, shortening, margarine, salad dressings, and mayonnaise
(U.S. Soy 2006). Soybean meal is used as the basis for a variety of soy protein products
and is also the leading source of protein and energy found in animal feeds (U.S. Soy
2006). Soybean is also used in a wide variety of industrial products, including biofuels,
adhesives, insecticides, and plastics (Hartman et al. 1999).
Soybean is considered to be one of the world’s most versatile crops because it can
be grown in a wider variety of soil classes and climatic conditions than any of the other
major crops, including corn, cotton, rice, and wheat (U.S. Soy 2006). Soybean cultivars
are broadly classified into 13 different maturity groups (MG) beginning with MG 000
and ending with MG X (Heatherly and Elmore 2004). The maturity group is determined
by a cultivar’s reaction to abiotic factors, such as photoperiod and temperature, but also
by the adaptation to the conventional planting practices in the region (Heatherly and
Elmore 2004). Cultivars in MG 000 mature the earliest and are adapted to higher
latitudes in more temperate regions, while cultivars in MG IX and MG X are primarily
produced in middle to lower latitudes in semitropical or tropical regions (Hartman et al.
1999). All stages of plant development, from seed germination to plant maturation, are
controlled by temperature and photoperiod (Johnson et al. 1960). The optimal
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temperature for soybean growth is approximately 30°C, and any temperature below 24°C
will delay flowering (Hartman et al. 1999).
Maturity groups most often planted in Mississippi are MG IV and MG V
(Heatherly et al. 1999). Mississippi is located in a humid subtropical region in the midlatitudes and is typified by temperate winters, lengthy hot summers, and moderate,
uniformly distributed rainfall throughout the year (NOAA 2016). Mississippi ranks 12th
nationally in the production of soybean. In 2016, 2.6 million metric tons of soybean were
produced in Mississippi on approximately 817,000 hectares and valued at approximately
1 billion dollars (NASS 2016b).
Frogeye Leaf Spot and Cercospora sojina Hara
Frogeye leaf spot (FLS) is a foliar disease of soybean caused by the fungus
Cercospora sojina Hara. The disease was first reported in Japan in 1915 but was not
reported in the U.S. until 1924, when it was identified in South Carolina (Phillips 1999).
In 1925, FLS was reported in Louisiana and Mississippi (Haskell 1926; Lehman 1928).
Besides the U.S., FLS has been reported in at least 27 other countries (Kim et al. 2013).
In the U.S., FLS has primarily been reported in the southern states. However, FLS was
recently reported in the Midwest and north central states (Mengistu et al. 2002; Mengistu
et al. 2014; Yang et al. 2001). The distribution of FLS in the Midwest and north central
states may be attributed to a combination of warm winter temperatures (on average
4.2°C), the use of susceptible soybean cultivars, and the increased use of no-till practices
(Mengistu et al. 2014; Mian et al. 2008).
Frogeye leaf spot was a problem for soybean producers in the U.S. from 1996 to
2007 and was ranked among the top 10 diseases that suppressed yield from 2003 to 2007
3

(Wrather and Koenning 2009). The estimated reduction of soybean yield in 2006 due to
FLS was approximately four times greater than the yield losses attributed to FLS in the
next top seven soybean-producing countries combined (Wrather et al. 2010). Susceptible
cultivars can have a yield reduction of 30% if extensive leaf blighting occurs (Phillips
1999). Frogeye leaf spot is present in almost every field in which soybean is grown,
especially in southern states that have warm, humid weather (Phillips 1999).
Frogeye leaf spot is predominantly a foliar disease but may also affect the stem,
pod, and seed (Phillips 1999). Primary and secondary inoculum sources are infected
seed, leaf, or stem residues on which hyaline conidia are produced (Mian et al. 2008).
Lesions appear as circular to angular spots varying in size from 1 to 5 mm in diameter
(Lehman 1928; Phillips 1999). The lesions first appear on the adaxial leaf surface and
begin as dark, water-soaked spots that develop into brown spots surrounded by a reddishbrown margin. As the lesions age, they begin to coalesce forming larger, irregular spots
and become gray to light brown in color (Phillips 1999). Cercospora sojina sporulates
within the lesions on the abaxial leaf surface giving lesions light to dark gray centers with
clusters of conidiophores and thin, reddish-brown margins. Conidia are born on the tips
of conidiophores and are pushed aside as the conidiophores grow (Phillips 1999).
Conidia are hyaline, range in size from 5 to 7 µm in width to 39 to 70 µm in length, and
have zero to six septations (Athow 1987). Usually, one to three conidia are formed on a
single conidiophore, but up to eleven may be formed on a conidiophore. Conidia begin
to germinate within an hour of coming in contact with water and produce one or more
germ tubes (Phillips 1999). Older, non-sporulating lesions may be light to dark brown or
translucent with pale gray to white centers containing minute, dark stroma (Lehman
4

1928; Phillips 1999). When the lesions cover approximately 30% of the leaves, a
blighting phase occurs causing premature defoliation and significant yield loss due to a
reduction in photosynthetic leaf tissue (Phillips 1999).
Cercospora sojina, at the field level, overwinters and survives as mycelium in
soybean residue. Initially, the developing seed that come in contact with lesions on the
pod become infected and discolored, but as the pod matures, infection can spread to
adjacent seed within the pod. Seed that are heavily discolored usually have poor
germination, and seedlings from infected seed are generally stunted and weak and have
lesions on the cotyledons (Phillips 1999). Sporulating lesions on the cotyledons are the
source of inoculum for young plant infections as the leaves are not fully expanded and
are highly susceptible. As leaves mature, they are less susceptible to infection by C.
sojina. Lesions may not be evident until 8 to 12 days post-infection (Phillips 1999).
Conidia may appear as early as 48 hours after infection when favorable temperatures (25
to 30°C) and high relative humidity (> 90%) are present (Kim et al. 2013). Conidia can
be carried short distances by air currents and splashing water; and, under favorable
conditions, secondary infection of leaves, stems, and pods occurs throughout the growing
season (Phillips 1999).
A few management practices for FLS management are available. When possible,
soybean cultivars resistant to FLS are recommended for planting (Phillips 1999). Many
physiological races of C. sojina have been identified worldwide, but in the U.S. six races
represent the majority of the C. sojina variability (Blessitt 2013; Mian et al. 2008). A
physiological race is defined as a group of pathogens that infect a given set of plant
varieties (Agrios 1997). Resistance has been reported in cultivars that contain the
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dominant genes Rcs1, Rcs2, and Rcs3, which control resistance to C. sojina races 1, 2,
and 5, respectively (Athow and Probst 1952; Phillips and Boerma 1982). Reactions of
various cultivars to particular races of C. sojina vary from resistant to susceptible
(Phillips 1999). Lesions may occur on cultivars containing Rcs genes, but they are often
small and do not sporulate (Athow and Probst 1952). With C. sojina having such high
variability, it is possible that a race of the pathogen could overcome the widely used
resistance genes (Blessitt 2013). High-quality seed that are free of pathogens and have
been treated with a fungicide should be used to reduce the primary inoculum of C. sojina
(Phillips 1999). If a foliar fungicide is applied, it should be applied from the late
flowering (R2) to early seed development (R5) soybean growth stages (Phillips 1999).
Deep plowing debris from previous crops after harvest and practicing a two-year crop
rotation with a non-host crop can help reduce disease incidence (Mian et al. 2008).
However, Mengistu et al. (2014) reported that tillage may not be as beneficial at reducing
C. sojina inoculum as was once thought.
QoI Fungicide Resistance
The QoI fungicides are important in plant disease management because of their
effectiveness against a wide range of fungal species (Sauter et al. 1999). Azoxystrobin
was the first QoI to become commercially available worldwide in 1996; soon after,
additional QoIs became available including famoxadone in 1997, metominostrobin and
trifloxystrobin in 1999, fenamidone in 2001, and picoxystrobin and pyraclostrobin in
2002 (Bartlett 2002). Sales of the QoI fungicides reached approximately $620 million by
1999, representing over 10% of the global fungicide market, within the first four years.
Sales of azoxystrobin reached $415 million in 1999, making it the world’s largest selling
6

fungicide (Bartlett 2002). In 2002, the impact of the QoI fungicides on agriculture could
be seen in the status of azoxystrobin, which was registered for use in 84 different crops in
72 countries covering 400 different crop/disease systems. However, given the
widespread adoption of this fungicide group, it was no unexpected when reports of
fungicide control failures occurred shortly after azoxystrobin was introduced. Field
resistance to QoI fungicides was first observed and reported in Germany, in 1998, in
isolates of Erysiphe graminis DC. f. sp. tritici Èm. Marchal (Sierotzki et al. 2000). A
year later, in 1999, QoI fungicide resistance was reported in Japan in isolates of
Podosphaera fusca (Fr.) Braun & N. Shishkoff (powdery mildew) and
Pseudoperonospora cubensis (Berk. & M. A. Curtis) Rostovzev (downy mildew) on
cucumber (Ishii et al. 2001). By 2002, QoI fungicide resistance was detected in isolates
of Mycosphaerella graminicola (Fuckel) J. Schröt. in five European countries; the
frequency of QoI-resistant isolates only increased with each successive year (Torriani et
al. 2008). QoI fungicide resistance in C. sojina on soybean in the U.S. was first observed
and reported by Zhang et al. (2012) in 2010 in Tennessee. Standish et al. (2015) reported
that QoI fungicide resistance dominated the C. sojina population in Mississippi following
more than a decade of QoI applications for FLS management.
Fungicides are arranged into groups based on the mode of action (FRAC 2016).
Quinone outside inhibitor (QoI) fungicides are in the QoI fungicide group. The QoI
fungicides inhibit mitochondrial respiration by binding to the quinol oxidation (Qo) site
of the cytochrome b gene (CYTB), blocking electron transfer between cytochrome b and
cytochrome c1 and disrupting the energy cycle of the fungus by halting ATP production
(Bartlett et al. 2002). The Fungicide Resistance Action Committee (FRAC) reported that
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QoI fungicides have a high risk for resistance development as a result of their single site
mode of action and site of action (FRAC 2016). In addition, the FRAC also reported that
cross-resistance had been reported between all members of the QoI fungicide group.
Cross-resistance occurs when resistance to one fungicide within a group results in
resistance to another fungicide within the same group (FRAC 2016). Resistance to QoI
fungicides primarily arises from various amino acid substitutions in the mitochondrial
CYTB (Fernández-Ortuño et al. 2008). The amino acid substitutions prevent binding of
the fungicide to the Qo site of the cytochrome bc1 complex, which does not stop the
production of ATP in the fungal cells (Fernández-Ortuño et al. 2008). At least 11
different amino acid substitutions in two regions of the cytochrome bc1 complex, from
positions 127 to 147 and 275 to 296, have been identified in different organisms,
conferring various levels of resistance to QoIs (Gisi et al. 2002). The three most
important amino acid substitutions, with regards to resistance to QoI fungicides, are
glycine to alanine at position 143 (G143A), phenylalanine to leucine at position 129
(F129L), and glycine to arginine at position 137 (G137R) because they confer moderate
to complete resistance to QoI fungicides (Fernández-Ortuño et al. 2008). Isolates that
contain the F129L or the G137R substitutions convey moderate or partial resistance
whereas isolates that contain the G143A substitution convey complete resistance
(Fernández-Ortuño et al. 2008; Gisi et al. 2002). The most common substitution is
G143A, which has been identified in more than 20 fungal species (Fernández-Ortuño et
al. 2008). A total of 593 C. sojina isolates out of 634 isolates (93.5%) collected in
Mississippi contained the G143A substitution and were identified as QoI-resistant
(Standish 2015).
8

Fitness Cost
Natural selection is the process that involves the differential performance of
individual organisms within a population, which results in variable characteristics and
fitness of individual organisms. Individuals that are more fit survive and reproduce in
greater numbers; therefore, their traits responsible for improved fitness get passed to
successive generations. Natural selection is also responsible for the genetic shift in
natural populations of organisms. In terms of fungal pathogens, virulence will be most
favored in the natural selection of individual organisms because virulent individuals will
be the fittest and contribute the most, with regards to many aspects of the life cycle such
as survival, reproduction, and dispersal, to the next generation (Antonovics and
Alexander 1989). Fitness is defined as the survival and reproductive success of an
individual or group (Pringle and Taylor 2002). The fitness of an individual or group is
influenced not only by genetic attributes, but also by the density and frequency of those
genetic attributes in the population and the environment in which they are located. The
fitness of an individual fungal genotype can be measured using the asexually derived
progeny from a single spore (Antonovics and Alexander 1989). A fitness determination
should include the rate of growth and degree of sporulation in vitro and on host plants
(Brent and Hollomon 2007). Choosing a measure of fitness requires assumptions on how
the chosen parameter is influenced by natural selection; for example, because smaller
fungal spores can be dispersed more effectively, they may be more fit than larger spores
even if the larger spores have a greater germination rate (Pringle and Taylor 2002).
The use of fungicides puts selective pressure on pathogen populations; since
resistant isolates have greater fitness in the fungicide-treated environment relative to
9

sensitive isolates, the frequency of resistant isolates in each succeeding generation
increases (Peever and Milgroom 1995). The development, stability, and evolution of
fungicide resistance in fungal populations are dependent on the fitness of the resistant
members within the population (Bardas et al. 2008; Cox et al. 2007). If fitness costs are
associated with fungicide resistance, the frequency of resistant isolates will decrease in
the absence of the fungicide pressure (Fernández-Ortuño et al. 2008). Saccharomyces
cerevisiae Meyer ex E.C. Hansen has been used as a model system to test the fitness
associated with QoI fungicide resistance and to study the impact of the G143A amino
acid substitution on cytochrome bc1 complex activity (Fernández-Ortuño et al. 2008).
Studies using S. cerevisiae have reported that most amino acid substitutions, such as
G143A, G137R, and F129L, were accompanied by functionally impaired mitochondria
that reduced electron flow through the cytochrome bc1 complex; therefore, it is suspected
that QoI-resistant strains may suffer from fitness costs (Ma and Uddin 2009). A fitness
cost is a penalty to an organism that has a negative effect with one or more measures of
fitness such as growth, sporulation, and germination (Brown and Rant 2013). It is
intimated that fungal pathogens carrying the F129L amino acid substitution suffer a
relative fitness cost (Pasche and Gudmestad 2008) whereas the presence of a fitness cost
in pathogens containing the G143A amino acid substitution depends upon the pathogen
(Fernández-Ortuño et al. 2008) since this substitution does not adversely affect the fitness
of all pathogens (Ma and Uddin 2009).
Many studies have been conducted to determine the association of fitness costs in
correlation with fungicide resistance in many fungicide classes. Some experimental
studies verify the association of fitness costs with QoI fungicide resistance in some
10

pathogens, including Alternaria solani Sorauer, Botrytis cinerea Pers., Magnaporthe
oryzae B. C. Couch, Ustilago maydis (DC) Corda, and Zymoseptoria tritici (Desm.)
Quaedvlieg & Crous (Hagerty and Mundt 2016; Ma and Uddin 2009; Markoglou et al.
2006; Pasche and Gudmestad 2007; Ziogas et al. 2002). Other studies have reported no
association between QoI fungicide resistance and fitness costs in A. alternata (Fr.)
Keissl., Didymella bryoniae (Auersw.) Rehm, E. necator Schwein., M. grisea (T. T.
Hebert) M. E. Barr, Phakopsora pachyrhizi Syd. & P. Syd., and Plasmopara viticola
(Berk. & M. A. Curtis) Berl. & De Toni (Avila-Adame and Köller 2003; Corio-Costet et
al. 2011; Finger 2013; Karaoglanidis et al. 2011; Klosowski et al. 2016; Rallos et al.
2014; Vega and Dewdney 2014). A consistent pattern of fitness costs associated with
fungicide resistance has yet to be detected with any fungicide group (Peever and
Milgroom 1995). Fitness costs associated with fungicide resistance are thought to be
specific to fungal species, fitness components, and fungicide mode of action (Cox et al.
2007).
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CHAPTER II
FITNESS OF QOI-RESISTANT CERCOSPORA SOJINA ISOLATES FROM
MISSISSIPPI SOYBEAN
Abstract
Frogeye leaf spot, caused by Cercospora sojina Hara, is a foliar disease of
soybean that may cause yield losses if severe enough, which had been successfully
managed by quinone outside inhibitor (QoI) fungicides. After widespread resistance to
the QoI fungicides was reported throughout Mississippi, the next step in characterizing C.
sojina was to study the fitness of selected isolates collected from soybean fields in
Mississippi. Phenotypic stability and fitness of QoI-resistant and -sensitive C. sojina
isolates were evaluated. The stability of resistance to azoxystrobin was determined after
ten consecutive 14-day subcultures on potato dextrose agar by conducting an in vitro
bioassay using technical-grade azoxystrobin (96% a.i.) and salicylhydroxamic acid to
determine the effective concentration needed to inhibit fungal growth by 50%. The
sensitivity of all isolates remained constant at the end of the ten-subculture period.
Fitness measurements assessed in vitro were colony growth at 25°C (light and dark),
17°C (dark), and 32°C (dark), conidia production on soybean stem-lima bean agar
(SSLBA) and water agar (WA), and conidia germination. One fitness measurement,
virulence, was assessed in vivo. No significant differences were noted for phenotype
(resistant or sensitive), time (the mother plate or tenth subculture), or isolates within each
17

phenotype for colony growth at 17°C (dark), 25°C (dark), or 32°C (dark), conidia
production on WA, conidia germination, or virulence, nor was there a significant
interaction between time (mother plate or tenth subculture) and isolates within each
phenotype (resistant or sensitive) for colony growth at 17°C (dark), 25°C (dark), or 32°C
(dark), conidia production on WA, conidia germination, or virulence. One isolate
exhibited a significant interaction between time (mother plate or tenth subculture) and
isolates within each phenotype for colony growth at 25°C (light). A significant
difference was noted among isolates within the resistant phenotype as well as isolates
within the sensitive phenotype in conidia production on SSLBA. A multi-locus
phylogenetic analysis was conducted using the partial sequences of five loci from QoIresistant and -sensitive C. sojina isolates from Mississippi and reference Cercospora
strains to determine genetic relatedness. Among the C. sojina isolates from Mississippi,
there was no diversity between the QoI-resistant and -sensitive isolates, which indicates
genetic similarity. These results suggest that QoI resistance in C. sojina is stable in the
absence of fungicide pressure and that there is no fitness cost associated with QoI
fungicide resistance in Mississippi C. sojina isolates.
Introduction
Frogeye leaf spot (FLS) is a foliar disease of soybean (Glycine max (L.) Merr.)
caused by the fungus Cercospora sojina. The disease was first reported in Japan in 1915,
but was not reported in the U.S. until 1924 when it was observed in South Carolina
(Lehman 1928; Phillips 1999). In 1925, FLS was reported in Louisiana and Mississippi
(Haskell 1926; Lehman 1928). Since 1929, FLS has been reported across the southern,
Midwest, and north central states, but is primarily a problem in the southern states
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(Athow and Probst 1952). FLS was problematic for southern soybean producers from
1996 to 2007 and ranked amid the top 10 yield-suppressing soybean diseases from 2003
to 2007 (Wrather and Koenning 2009). The primary and secondary inoculum sources of
FLS are infected seed, leaf, or stem residues on which hyaline conidia are produced
(Mian et al. 2008). Conidia begin to germinate within an hour of coming in contact with
water and produce one or more germ tubes. Lesions may not become evident until 8 to
12 days after infection and appear as circular to angular spots varying in size from 1 to 5
mm in diameter (Lehman 1928; Phillips 1999). The lesions first appear on the adaxial
leaf surface and begin as dark, water-soaked spots that develop into brown spots
surrounded by a reddish-brown margin. Conidia may appear as early as 48 h after plants
are infected when favorable temperatures (25 to 30°C) and high relative humidity (>
90%) are present (Kim et al. 2013). When the lesions cover approximately 30% of the
leaves, a blighting phase occurs causing premature defoliation and significant yield losses
due to a reduction in photosynthetic leaf tissue. Cercospora sojina overwinters as
mycelium on infected seed and in soybean residue (Phillips 1999). Management of FLS
includes planting FLS-resistant soybean cultivars, deep plowing previous crop debris,
rotating with a non-host crop, and applying foliar fungicides (Mian et al. 2008; Phillips
1999).
Fungicides are arranged into groups based on the mode of action and site of action
(FRAC 2016). Quinone outside inhibitor (QoI) fungicides are in the QoI fungicide
group. QoI fungicides are important in plant disease management because of their
effectiveness against a wide range of fungal species (Sauter et al. 1999). Azoxystrobin
was the first QoI to become commercially available in 1996; soon after, additional QoIs
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became available including famoxadone in 1997, metominostrobin and trifloxystrobin in
1999, fenamidone in 2001, and picoxystrobin and pyraclostrobin in 2002 (Bartlett 2002).
Sales of the QoI fungicides represented over 10% of the global fungicide market by 1999,
and azoxystrobin was the world’s largest selling fungicide (Bartlett 2002). By 2002,
azoxystrobin was registered for use in 84 crops in 72 countries spanning 400 different
crop/disease systems. Resistance to the QoI fungicides was reported in field populations
of many different plant pathogens soon after being introduced and many years thereafter
(Bartlett 2002).
Following extensive sampling and testing in 2013 and 2014, it was reported that
QoI fungicide resistance dominated the C. sojina population in Mississippi (Standish et
al. 2015). This occurrence followed more than a decade of QoI fungicide applications for
FLS management in Mississippi (Standish et al. 2015). The Fungicide Resistance Action
Committee (FRAC) reported that QoI fungicides have a high risk for resistance
development as a result of their single site mode of action (FRAC 2016). The QoI
fungicides inhibit the mitochondrial respiration by binding to the quinol oxidation (Qo)
site of the cytochrome b gene (CYTB), blocking electron transfer between cytochrome b
and cytochrome c1 and disrupting the energy cycle of the fungus by halting ATP
production (Bartlett et al. 2002). Resistance to QoI fungicides primarily arises from
various amino acid substitutions in the mitochondrial CYTB. The most common amino
acid substitution, glycine to alanine at position 143 (G143A), has been identified in more
than 20 fungal species (Fernández-Ortuño et al. 2008b). A total of 593 C. sojina isolates
out of 634 isolates collected in Mississippi contained the G143A amino acid substitution
and were identified as QoI-resistant (Standish 2015).
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Natural selection is the process that involves the differential performance of
individual organisms within a population, which results in variable characteristics and
fitness of individual organisms. Individuals that are more fit survive and reproduce in
greater numbers; therefore, their traits responsible for improved fitness get passed to
successive generations. Virulence will be most favored in the natural selection of
individual organisms, because virulent individuals are more fit and contribute greatly,
with regards to many aspects of the life cycle such as survival, reproduction, and
dispersal, to the next generation (Antonovics and Alexander 1989). Fitness is defined as
the survival and reproductive success of an individual or group (Pringle and Taylor
2002). The fitness of an individual or group is influenced not only by genetic attributes,
but also by the density and frequency of those genetic attributes in the population and the
environment in which they are located. The fitness of an individual genotype can be
measured using the asexually derived progeny from a single spore to measure a specific
aspect of fitness (Antonovics and Alexander 1989). A fitness determination should
include the rate of growth and degree of sporulation in vitro and on host plants (Brent and
Hollomon 2007). Choosing a measure of fitness requires assumptions on how the chosen
parameter is influenced by natural selection; for example, smaller fungal spores can be
dispersed more effectively indicating that those individuals with the smaller spores may
be more fit than individuals with larger spores even if the larger spores have a greater
germination rate (Pringle and Taylor 2002).
The use of fungicides puts selective pressure on pathogen populations; if a
significant level of variation exists in the fungicide-treated population, the frequency of
resistant isolates in each succeeding generation increases due to the resistant isolates
21

having a greater fitness in the fungicide-treated environment relative to sensitive isolates
(Peever and Milgroom 1995). The phenotype of an organism is a result of the genetic
information that is carried and passed to the next generation and its interaction with the
environment (Vandamme 2009). The development, stability, and evolution of fungicide
resistance in fungal populations are dependent on the fitness of the resistant members
within the population (Bardas et al. 2008; Cox et al. 2007). It is intimated that the fitness
of fungal populations carrying the G143A amino acid substitution depends upon the
pathogen (Fernández-Ortuño et al. 2008b), since the substitution does not adversely
affect the fitness of all pathogens (Ma and Uddin 2009). A fitness cost is a penalty of
fungicide resistance that has a negative effect with one or more measures of fitness, such
as growth, sporulation, and germination (Brown and Rant 2013). Fitness costs have been
reported in association with QoI fungicide resistant in isolates of Alternaria solani,
Botrytis cinerea, Magnaporthe oryzae, Ustilago maydis, and Zymoseptoria tritici
(Hagerty and Mundt 2016; Ma and Uddin 2009; Markoglou et al. 2006; Pasche and
Gudmestad 2007; Ziogas et al. 2002). However, a consistent pattern of fitness costs
associated with fungicide resistance has yet to be reported in any fungicide group,
indicating that fitness costs may not correlate with fungicide resistance (Peever and
Milgroom 1995). Other studies have reported no association between QoI fungicide
resistance and fitness costs in A. alternata, Didymella bryoniae, Erysiphe necator, M.
grisea, Phakopsora pachyrhizi, and Plasmopara viticola (Avila-Adame and Köller 2003;
Corio-Costet et al. 2011; Finger 2013; Karaoglanidis et al. 2011; Klosowski et al. 2016;
Rallos et al. 2014; Vega and Dewdney 2014). Fitness costs associated with fungicide
resistance are thought to be specific to fungal species, fitness components, and fungicide
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mode of action (Cox et al. 2007). In genetic analyses, fungicide-sensitive isolates have
been reported to be divergent from fungicide-resistant isolates forming separate clades;
such divergence has occurred in Colletotrichum siamense Prihastuti, L. Cai & K. D.
Hyde, C. truncatum (Schwein.) Andrus & W. D. Moore, and Podosphaera fusca
(Fernández-Ortuño et al. 2008a; Hu et al. 2015; Ramdial et al. 2016).
The goal of this research was to determine if a fitness cost is associated with QoIresistant C. sojina isolates collected from soybean in Mississippi. To address this,
various aspects of fitness, including QoI sensitivity, colony growth, conidia production,
conidia germination, and virulence were evaluated in selected QoI-resistant and -sensitive
C. sojina isolates collected from Mississippi soybean. A phylogenetic analysis was also
conducted to evaluate the genetic similarities in selected QoI-resistant and -sensitive C.
sojina isolates collected from Mississippi soybean as well as those from reference
Cercospora strains.
Materials and Methods
Selection of Cercospora sojina isolates
This research was conducted in the Turfgrass/Soybean Pathology Laboratory at
Mississippi State University, Starkville, Mississippi. A total of 24 C. sojina isolates, 13
QoI-resistant isolates and 11 QoI-sensitive isolates, were selected from a repository of
isolates collected in 2013 and 2014 from diseased soybean in Mississippi (Standish 2015)
(Table 2.1). These isolates were characterized as QoI-resistant or -sensitive by using a
polymerase chain reaction-restriction fragment length polymorphism method (Standish
2015). These isolates were derived from mono-conidial isolates originating from five
geographic regions of Mississippi (Standish 2015) (Figure 2.1).
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Table 2.1

Cercospora sojina isolates collected from soybean fields in Mississippi in
2013 and 2014 and used in the current studyy.
MS Geographic
Region
Hills

MS County
Desoto

Year
Collected
2013

Azoxystrobin
Sensitivityz
S

MS Cs 36

Capital/River

Hinds

2013

S

MS Cs 48

Delta

Leflore

2013

S

MS Cs 13

Delta

Holmes

2014

S

MS Cs 53

Hills

Prentiss

2014

S

MS Cs 94

Capital/River

Amite

2014

S

MS Cs 109

Pines

Kemper

2014

S

MS Cs 213

Pines

Lamar

2014

S

MS Cs 390

Pines

Lowndes

2014

S

MS Cs 418

Hills

Tippah

2014

S

MS Cs 500

Pines

Wayne

2014

S

MS Cs 11

Delta

Bolivar

2013

R

MS Cs 34

Capital/River

Hinds

2013

R

MS Cs 61

Pines

Oktibbeha

2013

R

MS Cs 73

Delta

Quitman

2013

R

MS Cs 102

Hills

Yalobusha

2013

R

MS Cs 104

Delta

Yazoo

2013

R

MS Cs 100

Capital/River

Rankin

2014

R

MS Cs 200

Hills

Benton

2014

R

Isolate Name
MS Cs 31
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Table 2.1 (Continued)
MS Cs 260

Pines

Jefferson Davis

2014

R

MS Cs 310

Hills

Prentiss

2014

R

MS Cs 396

Pines

Monroe

2014

R

MS Cs 401

Pines

Leake

2014

R

MS Cs 505

Coast

Jackson

2014

R

y

Standish 2015.
S = sensitive and R = resistant. Sensitive and resistant phenotypes were determined by
using a polymerase chain reaction-restriction fragment length polymorphism and
comparing nucleotide sequences of the cytochrome b gene.
z
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Figure 2.1

Geographic location within the regions of Mississippi from which QoIresistant and -sensitive Cercospora sojina isolates were selected for the
current study and the total percentage of resistant isolates originally
collected from soybean fields within each region in Mississippi.
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Isolate storage and culture growth conditions
All mono-conidial isolates that were collected in 2013 and 2014 were preserved
by placing agar plugs containing mycelia and conidia into a sterile 1.5 ml centrifuge tube
(Fisher Scientific, Pittsburgh, PA, USA). The agar plugs were covered with a 1.5%
glycerol solution and placed in a freezer at -80°C (Standish et al. 2015). To recover the
selected isolates for the current study, agar plugs as well as a minute amount of the
glycerol solution were removed from the centrifuge tube and placed onto a fresh plate of
potato dextrose agar (PDA) amended with rifampicin (25 mg/liter). The plates
containing the agar plug and the glycerol solution were incubated on the laboratory
benchtop for approximately seven days. Once mycelial colonies grew, a mycelial
transfer was made onto soybean stem-lima bean agar (SSLBA) amended with rifampicin
(25 mg/liter), and SSLBA plates containing mycelial transfers then incubated in a growth
chamber at 25°C with a 12-h photoperiod (fluorescent and black lights). Those first pure
cultures on SSLBA were defined as the mother plate. Isolates were recovered from longterm storage and mother plates were regenerated for each colony growth study and
virulence study.
The tenth subculture was obtained by consecutively transferring a hyphal plug
from a 14-day-old culture on SSLBA to a new plate of SSLBA 10 times beginning with
the mother plate. Those plates containing the hyphal plugs were incubated in a growth
chamber set at 25°C with a 12-h photoperiod (fluorescent and black lights) for 14 days.
The first 14-day-old subculture from the mother plate was defined as subculture one.
Environmental conditions for incubation remained constant across each study.
The laboratory benchtop conditions consisted of room temperature (22°C) with an 8- to
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10-h photoperiod (fluorescent lighting). Growth chamber conditions were set at 25°C
with a 12-h photoperiod (fluorescent and black lights). Incubation chamber conditions
were set at 17, 25, and 32°C with complete darkness.
All cultures were grown in petri plates 60-mm in diameter containing 10-ml of
respective medium unless otherwise specified. Defined media remained consistent
throughout each study. All hyphal plug transfers were 5-mm in size unless otherwise
specified.
Molecular confirmation of QoI sensitivity
Genomic DNA was extracted from mycelium of 7-day-old cultures of each isolate
grown on SSLBA using the Fungi/Yeast Genomic DNA Isolation Kit (Norgen Biotek
Corp., Thorold, ON, Canada) per manufacturer’s instruction. Polymerase chain reaction
(PCR) amplification was performed using the CercUN-F/CercUN-R primer set (Standish
2015) to amplify a 238-bp region of the cytochrome b gene (CYTB) which houses the
nucleotide substitution that confers resistance to the QoI fungicides. The PCR master
mix included 10 µl of 5× GoTaq Buffer (Promega, Madison, WI, USA), 4 µl of
magnesium chloride (MgCl2; 25 mM), 1 µl of dNTP mix (10 mM), 1 µl of each primer (5
µM), 0.2 µl GoTaq polymerase (Promega, Madison, WI, USA) (5 U/µl), and 3 µl of
genomic DNA in a final reaction volume of 50 µl. PCR was performed in a MyCycler
Thermal Cycler (Bio-Rad Laboratories Inc., Hercules, CA, USA) with the following
cycling conditions: an initial denaturation period of 94°C for 2 min 20 s; 40 cycles of
denaturation at 94°C for 20 s, annealing at 53°C for 30 s, and elongation at 72°C for 35 s;
and a final elongation period of 72°C for 10 min (Standish 2015). An 8-µl aliquot of
each PCR reaction was electrophoresed in a 1.5% (wt/vol) ethidium-bromide agarose gel
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in 1× Tris-Borate-EDTA (TBE) buffer to visually confirm the presence of the amplicon
using UV light illumination. The remaining reaction mixture from successful reactions
was purified using ExoSAP-IT (USB Corporation, Cleveland, OH, USA), and purified
PCR products were submitted to Eurofins MWG Operon LLC, in Louisville, KY, for
Sanger dideoxy sequencing. Upon receipt, sequences were trimmed and contigs were
assembled using DNASTAR Lasergene (DNASTAR, Madison, WI, USA). The
sequences were aligned with MUSCLE (Edgar 2004) carried out in MEGA6 (Tamura et
al. 2013) using the default parameters. The sequences were compared to determine the
presence or absence of a single nucleotide substitution at position 143 of CYTB (G143A).
Restriction fragment length polymorphism (RFLP) methods were also used to
confirm the presence or absence of the G143A nucleotide substitution. Each RFLP
reaction consisted of 10 µl of the CYTB PCR product combined with 17 µl of nucleasefree water and 2 µl of 10× FastDigest Buffer (Thermo Fisher Scientific Inc., Waltham,
MA, USA) and 1 µl of FastDigest restriction enzyme AluI (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). The mixture was incubated at 37°C for 45 min per the
manufacturer’s instructions. Resultant RFLP products revealing digested or undigested
DNA fragments were separated via electrophoresis and visualized using UV light
illumination as previously described. If an RFLP analysis resulted in two bands of
approximately 80 and 160 bp in size an isolate contained the G143A nucleotide
substitution and is resistant to the QoI fungicides. If an RFLP analysis resulted in a
single undigested band 238 bp in size, an isolate did not contain the G143A nucleotide
substitution and is sensitive to the QoI fungicides.
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Fitness measurements
Independent measurements of fitness were collected and included measurements
or counts for azoxystrobin EC50 determination and stability, colony growth, conidia
production, conidia germination, and virulence. Measurements of fitness were taken
from the mother plate and the tenth subculture for all isolates selected for the current
studies. Each C. sojina isolate was replicated four times within a fitness measurement
study, and all studies were repeated twice.
Azoxystrobin EC50 determination
An in vitro bioassay was conducted on the selected C. sojina isolates using
technical-grade azoxystrobin (AZ) (96% a.i.; Syngenta Crop Protection, Greensboro, NC,
USA) and salicylhydroxamic acid (SHAM) to determine the effective concentration
needed to inhibit fungal growth by 50% (EC50). The isolates were prepared by placing an
inverted hyphal plug from the mother plate onto a petri plate of SSLBA amended with
rifampicin (25 mg/liter). The isolates were incubated in a growth chamber for 14 days or
until the colony covered approximately 60% of the plate to induce conidia production.
Conidia were harvested by flooding the plate with 3 to 5 ml of sterile deionized water
containing Tween 20 (1 drop/liter; Sigma-Aldrich, St. Louis, MO, USA),
chloramphenicol (50 µg/liter; Sigma-Aldrich, St. Louis, MO, USA), and streptomycin
sulfate (50 µg/liter; Sigma-Aldrich, St. Louis, MO, USA), and gently rubbing the surface
of the colony with a sterile glass rod to disrupt conidia. Stock cultures were made by
transferring conidial suspensions in 750- to 1,000-µl aliquots to petri plates (100-mm in
diameter) containing PDA (39 g/liter) amended with rifampicin (25 mg/liter) and
distributing them evenly across the surface of the medium with a sterile glass rod. The
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plates were allowed to dry in a biosafety cabinet prior to incubation on the laboratory
benchtop up to 7 days.
QoI-resistant isolates that contained alanine at position 143 produced EC50 values
greater than 0.1 ppm; in contrast, QoI-sensitive isolates that contained glycine at position
143 produced EC50 values less than 0.1 ppm (Standish et al. 2015). Because C. sojina
isolates had previously been identified as QoI-resistant or -sensitive, the range of
concentrations to be used for EC50 determinations was based on the respective phenotype.
Azoxystrobin (AZ) concentrations for the QoI-resistant isolates ranged from 0 to 10 ppm
(0, 0.1, 0.3, 1, 3, and 10 ppm), and those for the QoI-sensitive isolates ranged from 0 to 1
ppm (0, 0.0001, 0.001, 0.01, 0.1, and 1 ppm). A stock solution of AZ was made using
0.0104 g of technical-grade AZ (96% a.i.) dissolved in 1 ml of acetone. Ten-fold serial
dilutions were made from the stock solution to obtain the desired concentrations by
adding one part stock solution to nine parts acetone. Additional dilutions were made to
obtain concentrations between the ten-fold serial-diluted concentrations. Final
concentrations in the media were attained by adding 1 ml of each fungicide dilution per
liter of PDA after it cooled to 50°C. The control treatment did not contain AZ; however,
acetone (1 ml/liter PDA) was added. Each treatment also contained 60 µg/ml of SHAM
dissolved in a methanol acetone (1:1 v:v) solution to ensure that conidia did not
germinate via the alternative oxidase pathway (Wood and Hollomon 2003; Zhang et al.
2012). A 10-ml aliquot of AZ-amended PDA was poured into petri plates 60-mm in
diameter. The media was stored in the dark and used within 24 h. An inverted hyphal
plug was transferred from C. sojina stock cultures to the center of an AZ-amended PDA
plate. The isolates were incubated for 14 days in the dark in an incubator set at 25°C.
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After incubation, the colony diameter at two perpendicular points was measured and then
averaged. The initial hyphal plug diameter (5-mm) was subtracted from the average
colony diameter. Relative growth was determined as a percentage of growth compared to
the control concentration (0 ppm AZ).
Colony growth
A hyphal plug from the mother plate of each isolate was inverted onto petri plates
of PDA amended with rifampicin (25 mg/liter) and incubated for 14 days in a growth
chamber and an incubation chamber. Following incubation, two colony diameter
measurements at perpendicular points were recorded and then averaged. The initial
hyphal plug diameter (5-mm) was subtracted from the average colony diameter to
determine the colony growth.
Conidia production
Hyphal plugs of each isolate were transferred from the 14-day-old cultures in the
colony growth study onto SSLBA and water agar (WA; 15 g agar/liter) and incubated for
14 days in a growth chamber to induce conidia production. Conidia were harvested as
previously described. The conidial suspensions were transferred to sterile tubes. The
concentration (conidia/ml) of each conidial suspension was estimated by taking three
independent conidia counts using a hemocytometer then averaging the three
measurements. Conidia production (conidia/ml) for each isolate was then recorded as the
average of the three independent measurements.
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Conidia germination
The concentration of each conidial suspension for each C. sojina isolate in the
previous study was adjusted to 1×105 conidia/ml. A 75-µl aliquot of the conidial
suspension of each C. sojina isolate was placed onto a petri plate of WA and distributed
evenly with a sterile glass rod. The conidia were then incubated for 18 h in the dark at
25°C. Germination was determined for 100 conidia per plate using a compound
microscope at 100X magnification. A conidium was considered to be germinated if the
germ tube was at least the length of the conidium (Zhang et al. 2012) (Figure 2.2).
Conidia germination was recorded as percent germination based on 100 conidia.
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Figure 2.2

Cercospora sojina conidia after 18 h incubation in the dark at 25°C on
potato dextrose agar.

A. Non-germinated conidia. B. Germinated conidium.
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Isolate virulence
A greenhouse study was conducted to determine isolate virulence. Soybean
seedlings of the cultivar Dyna-Gro 37RY47 (Dyna-Gro Seed Co., Geneseo, IL, USA)
were grown in ceramic pots (7.62 cm in diameter), in Miracle-Gro potting soil (Scotts
Company, Marysville, OH, USA) with four seeds per pot. Each pot represented a
replicate, and there were three replicates per isolate. Upon reaching the VC to V1 growth
stages (Koger et al. 2010), the soybean seedlings were treated with a Systemic Insect
Killer (The ORTHO Group, Columbus, OH, USA) to control insects. Seedlings were
inoculated at the V1 to V2 growth stages (Koger et al. 2010) with a conidial suspension
(5×104 conidia/ml) of each isolate. The conidial suspension was prepared by collecting
spores in the same manner as described previously. Three independent counts of the
conidial suspensions were calculated using a hemocytometer to get the average
concentration (conidia/ml). Conidial suspensions were adjusted by diluting with 0.1%
potato dextrose broth to reach a final volume of 30 ml with 5×104 conidia/ml. Thirty ml
of the conidial suspensions (5×104 conidia/ml) were sprayed onto the seedlings using a
CO2-pressurized hand sprayer fitted with a cone nozzle, and seedlings were immediately
placed into a humid chamber, with one side closed, for two days. Relative humidity was
maintained > 90% with humidifiers operating on a 12-h period throughout the day.
Viability of the conidia in the conidial suspensions was tested by spraying a petri plate of
PDA amended with rifampicin (25 mg/liter) at the same time the seedlings were sprayed;
the conidia were incubated for seven days on a laboratory benchtop. After the seven-day
incubation period, mycelial growth from the conidia was observed, indicating the conidia
were viable. Two days post-incubation, the closed side of the humid chamber was
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opened and the seedlings remained on the covered benchtop where humidifiers operated
on a 12-h period to maintain a relative humidity > 80% (Figure 2.3). Measurements of
air temperature, relative humidity, and dew point were taken to ensure the air temperature
and relative humidity were in the correct range for the study. Air temperature, relative
humidity, and dew point were measured in the humid chamber and on the covered
benchtop every hour using an EL-USB-2-LCD-PLUS temperature and humidity data
logger (Lascar Electronics, Inc., Erie, PA, USA). After 21 days, the first three trifoliates
of each seedling in each pot were collected. Pictures of leaflets from each trifoliate were
taken immediately after collection using an Epson Perfection V700 photo scanner (Epson
America, Inc., Long Beach, CA, USA) and then imported into Assess 2.0 image analysis
software (American Phytopathological Society, St. Paul, MN, USA) (Figure 2.4) which
was used to determine the percent leaf area exhibiting necrosis following the procedures
described by Price et al. (2016). Each isolate was replicated three times and the study
was repeated twice. Following the analysis, infected leaflets from each isolate were
surface-disinfested by rinsing each leaflet once in 70% ethanol for 30 s, once in 10%
bleach for 30 s, and three times with sterile deionized water for 30 s (Figure 2.5). Once
the leaflets had dried, 10 lesions were removed from the leaflets of each treatment using a
sterile cork borer and plated onto PDA amended with rifampicin (25 mg/liter) (Figure
2.5), then incubated on the laboratory benchtop for approximately one week.
Confirmation of C. sojina isolates was based on colony and conidium morphology
(Figure 2.6) as well as partial sequencing of CYTB.
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Figure 2.3

Soybean plants, cultivar Dyna-Gro 37RY47, in a humid environment in the
greenhouse following inoculation with Cercospora sojina QoI-resistant and
-sensitive isolates to test for isolate virulence.

Plants were maintained in the humid environment for 21 days post-inoculation to
promote infection and disease. Virulence was determined by calculating the percent area
of leaf necrosis using Assess 2.0 image analysis software. Each pot served as a
replication. Pots were arranged in a randomized complete block design. Photo shows
plants from one virulence study. The study was repeated twice.
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Figure 2.4

Pictures of leaflets from each trifoliate that was collected were taken
immediately after collection using an Epson Perfection V700 photo scanner
and then imported into Assess 2.0 image analysis software, which was used
to quantify the percent leaf area exhibiting necrosis.

Virulence is expressed as percent leaf area necrosis.
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Figure 2.5

Infected leaflets were collected from each isolate treatment in the virulence
studies and surface disinfested before lesions were cut from leaflets and
plated onto potato dextrose agar for re-isolation and confirmation of
Cercospora sojina infection.

A. Infected leaflets being surface disinfested for re-isolation of C. sojina. B. Lesions
plated on potato dextrose agar after surface disinfestation for re-isolation of C. sojina.
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Figure 2.6

Cercospora sojina growing from lesions plated on potato dextrose agar.

Lesions were incubated on the laboratory benchtop at 22ºC for 14 days after leaflets were
surface disinfested and plated for re-isolation confirmation.
Pre and post subculture fitness measurements
Measurements of fitness were conducted from the mother plate of each isolate and
the tenth subculture of each isolate. At the end of the tenth subculture, QoI-sensitivity,
colony growth, conidia production, and conidia germination for each isolate were
determined as previously described. Conidia obtained from the tenth subculture were the
source of conidia for the post-subculture EC50 determinations. Six selected isolates (3
each of QoI-resistant and -sensitive isolates) were used to conduct a second virulence
study using conidia derived from the tenth subculture; this study also included conidia
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from the mother plate of the same six isolates to serve as a positive control. The study
was conducted in the same manner as previously described with three replicates per C.
sojina isolate and repeated twice.
Data analysis
Percent relative growth was calculated by dividing the average radial colony
growth on AZ-amended media by the average radial colony growth on non-amended
media and multiplying by 100%. Linear regression was used to determine the
relationship between the percent relative growth and the log concentrations of AZ. The
EC50 value for each isolate was then calculated using the equation AZ50% = e [(50 - b0)/b1]
(b0 is the intercept and b1 is the slope). The EC50 values were determined for each isolate
using a log-transformed linear regression. The EC50 values from the mother plate and the
tenth subculture of the sensitive isolates were subjected to a nested analysis of variance
(ANOVA) using the MIXED procedure (PROC MIXED) and LS Means (α = 0.05) to
determine if there were differences within or between factors of isolate, time (mother
plate or tenth subculture), and the interaction between isolate and time. All statistical
analyses were performed in SAS (v. 9.4, SAS Institute, Cary, NC, USA). The EC50
values from the mother plate and the tenth subculture of the resistant isolates were
undefined because the values were greater than greatest concentration tested (10 ppm of
AZ).
The colony growth, conidia production, and conidia germination studies were
arranged in a completely randomized design (CRD) with four replicates per isolate and
repeated twice. Data were subjected to a nested ANOVA using the MIXED procedure
(PROC MIXED), and LS Means (α = 0.05) were used to determine significant
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differences within and between factors of isolate and phenotype (resistant or sensitive).
The colony growth, conidia production, and conidia germination measurements from the
mother plate and the tenth subculture for each isolate were compared by subjecting those
data to a nested ANOVA using the MIXED procedure (PROC MIXED); LS Means (α =
0.05) was used to determine significant differences within or between factors of
phenotype (resistant or sensitive), time (mother plate or tenth subculture), isolates within
each phenotype, and the interaction between time (mother plate or tenth subculture) and
isolates within each phenotype. Non-normal data for all studies were transformed using
natural log or arcsine square root transformation. The data for the three repeated
experiments of each fitness study were not statistically different; therefore, the data for all
three experiments of each fitness study were pooled for a combined analysis.
The virulence study was arranged in a CRD with three replicates per isolate and
repeated twice. Each pot was a replicate, with two to four plants per pot; the first three
trifoliates were collected, with each leaflet being a sample. Data were subjected to an
ANOVA using the MIXED procedure (PROC MIXED). LS Means (α = 0.05) were used
to determine significant differences within or between factors of isolate and phenotype
(resistant or sensitive). Virulence within an isolate was compared between the mother
plate and the tenth subculture using a nested ANOVA in the MIXED procedure (PROC
MIXED) as previously described. Non-normal data for all studies were transformed
using arcsine square root transformation. For both virulence studies, the data for the
three repeated experiments were not statistically different; therefore, the data for all three
experiments were pooled for a combined analysis.
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Phylogenetic analysis
Genomic DNA was extracted from the 24 selected Mississippi C. sojina isolates
as previously described. PCR was performed to obtain partial sequence fragments of five
loci, the internal transcribed spacer (ITS) region of the ribosomal ribonucleic acid
(rRNA) genes, the actin (ACT) gene, the translation elongation factor 1-alpha gene
(TEF), the calmodulin (CAL) gene, and the histone H3 (HIS) gene, using a MyCycler
Thermal Cycler and cycling conditions as outlined by Carbone and Kohn (1999), Crous
et al. (2004), and White et al. (1990). The primer sets ITS4/ITS5, ACT-512F/ACT783R, EF1-728F/EF1-986R, CAL-228F/CAL737R, and CylH3F/CylH3R (Table 2.2)
were used to amplify the partial fragments of the ITS, ACT, TEF, CAL, and HIS,
respectively. The PCR master mix remained the same for each gene and included 10 µl
of 5× GoTaq Buffer, 4 µl of MgCl2 (25 mM), 1 µl of dNTP mix (10 mM), 3 µl of each
primer (5 µM), 0.25 µl GoTaq polymerase (5 U/µl), and 1 µl genomic DNA in a final
reaction volume of 50 µl. The cycling conditions for ACT, TEF, and CAL included an
initial denaturation period of 95°C for 8 min; 35 cycles of denaturation at 95°C for 15 s,
primer annealing at 55°C for 20 s, and elongation at 72°C for 1 min; and a final
elongation period of 72°C for 5 min (Carbone and Kohn 1999). The cycling conditions
for HIS included an initial denaturation period of 96°C for 5 min; 30 cycles of
denaturation at 96°C for 30 s, primer annealing at 52°C for 30 s, and elongation at 72°C
for 1 min; and a final elongation period of 72°C for 5 min (Crous et al. 2004). The
cycling conditions for ITS included an initial denaturation period of 95°C for 2 min; 35
cycles of denaturation at 95°C for 1 min, primer annealing at 57°C for 1 min, and
elongation at 72°C for 1 min; and a final elongation period of 72°C for 10 min (White et
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al. 1990). PCR products were visualized using UV light in a 1.5% (wt/vol) ethidiumbromide agarose gel. Amplicons were purified using ExoSAP-IT (USB Corporation,
Cleveland, OH, USA) before being sent for Sanger dideoxy sequencing at Eurofins
MWG Operon LLC (Eurofins Genomics, Louisville, KY, USA). DNA sequences were
trimmed and contigs were assembled using DNASTAR Lasergene (DNASTAR,
Madison, WI, USA).
The individual partial gene sequences from the 24 selected Mississippi C. sojina
isolates and 24 reference sequences obtained through GenBank (Table A.1) were aligned
with MUSCLE (Edgar 2004) carried out in MEGA6 (Tamura et al. 2013) using the
default parameter settings. Sequences of selected Mississippi C. sojina isolates were
compared to reference sequences of C. sojina and other species of Cercospora isolated
from soybean as reported in Groenewald et al. (2012). Septoria provencialis Crous was
used as the outgroup taxa (Groenewald et al. 2012) (Table A.1). Phylogenetic tress were
constructed using Bayesian inference (BI) carried out in MrBayes 3.1.2 (Huelsenbeck
and Ronquist 2001; Ronquist and Huelsenbeck 2003) and maximum likelihood (ML)
carried out in MEGA6 (Tamura et al. 2013). Pairwise distances were calculated using the
p-distance in MEGA6 (Tamura et al. 2013), which reports the percentage of differences
among nucleotides of two sequences. Analyses were performed on individual partial
gene sequence alignments and concatenated partial gene sequence alignments. The
general time reversible nucleotide substitution model with a discrete Gamma distribution
rate variation across sites and a proportion of invariable sites (GTR+G+I) was employed
for BI and ML analyses (Tavare 1986). BI trees were estimated by running six
simultaneous chains for 2 × 107 generations, sampling every 103 generations and using
44

default priors. A given run was considered to have reached convergence when the
average standard deviation of split frequencies remained < 0.01 and likelihood scores
reached an asymptotic value. All trees sampled before convergence were discarded.
Support for nodes and parameter estimates were evaluated from a majority consensus of
the last 1,000 trees post-convergence. One thousand pseudo-replicates were used to
estimate branch support in ML. BI posterior probabilities ≥ 0.70 and ML bootstrap
values ≥ 50% were included in ML phylograms.
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Table 2.2

Gene
Locusy

Molecular markers and primer names and sequences of the five loci used in
the phylogenetic analyses in the current study.
Primer
Name

Primer Sequence (5’– 3’)

GC
Content
(%)

Reference
White et
ITS4
TCCTCCGCTTATTGATATGC
45.0
al., 1990
ITS
White et
ITS5
GGAAGTAAAAGTCGTAACAAGG
40.9
al., 1990
Carbone
ACT-512F ATGTGCAAGGCCGGTTTCGC
60.0
and Kohn,
1999
ACT
Carbone
ACT-783R TACGAGTCCTTCTGGCCCAT
55.0
and Kohn,
1999
Carbone
EF1-728F CATCGAGAAGTTCGAGAAGG
50.0
and Kohn,
1999
TEF
Carbone
EF1-986R TACTTGAAGGAACCCTTACC
45.0
and Kohn,
1999
Carbone
CAL-228F GAGTTCAAGGAGGCCTTCTCCC
59.1
and Kohn,
1999
CAL
Carbone
CAL-737R CATCTTTCTGGCCATCATGG
50.0
and Kohn,
1999
Crous et
CYLH3F
AGGTCCACTGGTGGCAAG
61.1
al., 2004
HIS
Crous et
CYLH3R
AGCTGGATGTCCTTGGACTG
55.0
al., 2004
y
Gene locus: ITS = internal transcribed spacer, ACT = actin, CAL = calmodulin, HIS =
histone, TEF = translation elongation factor 1-alpha.
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Results…
Molecular confirmation of QoI sensitivity
Sequence analysis of PCR products revealed a single nucleotide substitution in
the codon at position 143 of CYTB (G143A), which confers resistance to the QoI
fungicides, in 13 of the 24 selected Mississippi C. sojina isolates (Figure 2.7). The
remaining 11 isolate sequences did not contain this nucleotide substitution (Figure 2.7).
The CYTB sequence results confirmed the previously designated QoI sensitivity genotype
of the selected Mississippi C. sojina isolates.
Restriction fragment length polymorphism products contained two bands of
digested fragments or one band of an undigested fragments indicating QoI resistance or
QoI sensitivity, respectively. As expected, 13 C. sojina isolates previously designated as
QoI-resistant, revealed two bands of digested fragments indicating QoI-resistance, while
the other 11 C. sojina isolates previously designated as QoI-sensitive, revealed one band
of an undigested fragment indicating QoI susceptibility (data not shown).

47

Figure 2.7

Partial nucleotide sequences of the cytochrome b gene of all isolates used
in the current study.

Codon 143 is in the boxes; the gray shading indicates sequences in which the codon
contains a nucleotide substitution responsible for the G143A amino acid substitution.
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Fitness measurements
Azoxystrobin EC50 determination
All genotypically-confirmed QoI-resistant isolates had an EC50 value greater than
10 ppm when tested from the mother plate and the tenth subculture (Table 2.3). All QoIsensitive isolates had an EC50 value less than 0.1 ppm when tested from initial mother
plate and the tenth subculture (Table 2.3). Resistant isolates had an estimated EC50 value
greater than 10 ppm due to the lack of growth at the greatest concentration tested (10
ppm) when tested from initial mother plate and the tenth subculture. Both QoI-resistant
and -sensitive isolates maintained their initial AZ-sensitivity levels during subculturing
(Table 2.3) based on the lack of inhibition in the QoI-resistant isolates and the inhibition
in the QoI-sensitive isolates at 10 ppm. None of the QoI-sensitive isolates developed
resistance, and none of the QoI-resistant isolates become sensitive after 10 consecutive
subcultures.
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Table 2.3

The stability of Cercospora sojina sensitivity to azoxystrobin on
azoxystrobin-free potato dextrose agar.
EC50 (µg/ml) of azoxystrobin
Mother
Tenth
plate
subculture
>10
>10
0.035
0.039
>10
>10
0.032
0.035
0.029
0.042
>10
>10
>10
>10
>10
>10
>10
>10
0.021
0.033
0.037
0.033
0.044
0.053
>10
>10
0.044
0.042
>10
>10
0.037
0.047
>10
>10
>10
>10
0.029
0.032
>10
>10
>10
>10
0.027
0.041
0.025
0.037
>10
>10

Phenotypey
Pz
Isolate
MS Cs 11
R
–
MS Cs 31
S
0.909
MS Cs 34
R
–
MS Cs 36
S
0.655
MS Cs 48
S
0.386
MS Cs 61
R
–
MS Cs 73
R
–
MS Cs 102
R
–
MS Cs 104
R
–
MS Cs 13
S
0.353
MS Cs 53
S
0.729
MS Cs 94
S
0.514
MS Cs 100
R
–
MS Cs 109
S
0.691
MS Cs 200
R
–
MS Cs 213
S
0.940
MS Cs 260
R
–
MS Cs 310
R
–
MS Cs 390
S
0.806
MS Cs 396
R
–
MS Cs 401
R
–
MS Cs 418
S
0.336
MS Cs 500
S
0.317
MS Cs 505
R
–
y
S = sensitive and R = resistant.
z
LS Means (α = 0.05) was used to determine differences in sensitivity between the
mother plate and the tenth subculture.
EC50 values were taken from the mother plate and the tenth subculture. Sensitive and
resistant phenotypes were confirmed by calculating the relative growth as a percentage of
growth compared to the control concentration (0 ppm azoxystrobin). Linear regression
was used to determine the relationship between the percent relative growth and the log
concentration of azoxystrobin. The EC50 value for each isolate was calculated using
AZ50% = e [(50 - b0)/b1] (b0 = intercept; b1 = slope).
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Colony growth
Colony growth at 25°C (light) was not significantly different for phenotype
(resistant or sensitive), time (mother plate or tenth subculture), or isolates within each
phenotype; however, there was a significant interaction between time and isolates within
each phenotype (Table 2.4). Colony growth at 25°C (light) differed by as much as 18.2%
among isolates within the resistant phenotype, 20.3% among isolates within the sensitive
phenotype, and 3.5% between phenotypes (Table 2.5). The significant interaction (P =
0.0010) of isolate MS Cs 396 was due to a 39.2% decrease in colony growth from the
mother plate to the tenth subculture (Figure 2.8). Colony growth at 17°C, 25°C, and
32°C (dark) exhibited no significant differences for phenotype, time, isolates within each
phenotype, or the interaction between time and isolates within each phenotype (Table
2.4). Colony growth at 17°C (dark) differed by as much as 27.6% among isolates within
the resistant phenotype, 36% among isolates within the sensitive phenotype, and 2.5%
between phenotypes (Table 2.5). Colony growth at 25°C (dark) differed by as much as
32.4% among isolates within the resistant phenotype, 15% among isolates within the
sensitive phenotype, and 5.6% between phenotypes (Table 2.5). Colony growth at 32°C
(dark) differed by as much as 22.6% among isolates within the resistant phenotype,
42.2% among isolates within the sensitive phenotype, and 11.3% between phenotypes
(Table 2.5).
Conidia production
Conidia production on SSLBA was not significantly different for phenotype
(resistant or sensitive), time (mother plate or tenth subculture), nor was there a significant
interaction between time and isolates within each phenotype; however, conidia
51

production on SSLBA was significantly different for isolates within each phenotype
(Table 2.4). There were significant differences among isolates within each phenotype
(Table 2.5). Although no significant differences were observed between phenotypes
there was a 32% difference in conidia production within the resistant phenotype on
SSLBA compared to the sensitive phenotype (Figure 2.9). Conidia production
(conidia/ml) on SSLBA differed by as much as 84.2% among isolates within the resistant
phenotype, 78.6% among isolates within the sensitive phenotype, and 32.2% between
phenotypes (Table 2.5). Conidia production on WA exhibited no significant differences
between phenotype (resistant or sensitive), time (mother plate or tenth subculture), or
isolates within each phenotype, nor was there a significant interaction between time and
isolates within each phenotype (Table 2.4). Although no significant differences were
observed between phenotypes there was a 38% difference in conidia production within
the resistant phenotype on WA compared to the sensitive phenotype (Figure 2.10).
Conidia production on WA differed by as much as 72% among isolates within the
resistant phenotype, 86.1% among isolates within the sensitive phenotype, and 38.2%
between phenotypes (Table 2.5).
Conidia germination
The percent conidia germination was not significantly different between
phenotype (resistant or sensitive), time (mother plate or tenth subculture), or isolates
within each phenotype, nor was there a significant interaction between time and isolates
within each phenotype (Table 2.4). Overall, isolates of both phenotypes had greater than
80% conidia germination (Table 2.5). Within the resistant phenotype, conidia
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germination differed by as much as 20.4% among isolates, whereas conidia germination
within the sensitive phenotype differed by as much as 12% among isolates (Table 2.5).
Table 2.4

Analysis of variance for colony growth, conidia production, and conidia
germination of QoI-resistant and -sensitive Cercospora sojina derived from
the mother plate and tenth subculture of each isolate.

w

Source
Phenotype
Time
Isolate(Phenotype)
Time*Isolate(Phenotype)
Source
Phenotype
Time
Isolate(Phenotype)
Time*Isolate(Phenotype)
Source
Phenotype
Time
Isolate(Phenotype)
Time*Isolate(Phenotype)
Source
Phenotype
Time
Isolate(Phenotype)
Time*Isolate(Phenotype)
Source
Phenotype
Time
Isolate(Phenotype)
Time*Isolate(Phenotype)
Source
Phenotype
Time
Isolate(Phenotype)
Time*Isolate(Phenotype)

Colony growth at 25°C (light)
Degrees of Freedom
F-value
P>F
1
5.12
0.1519
1
1.77
0.3144
22
1.25
0.2591
23
18.66
<0.0001
Colony growth at 17°C (dark)
Degrees of Freedom
F-value
P>F
1
0.01
0.9178
1
15.92
0.0575
22
0.67
0.8453
23
1.07
0.4162
Colony growth at 25°C (dark)
Degrees of Freedom
F-value
P>F
1
14.66
0.0619
1
2.11
0.2838
22
0.82
0.6916
23
0.54
0.9424
Colony growth at 32°C (dark)
Degrees of Freedom
F-value
P>F
1
9.83
0.0885
1
1.85
0.3066
22
0.96
0.5258
23
1.08
0.3973
y
Conidia production (SSLBA )
Degrees of Freedom
F-value
P>F
1
12.11
0.0736
1
1.22
0.3840
22
2.46
0.0054
23
1.75
0.0549
Conidia production (WAz)
Degrees of Freedom
F-value
P>F
1
0.68
0.4974
1
0.94
0.4348
22
0.66
0.8491
23
1.49
0.1257
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Table 2.4 (continued)
Source
Phenotype
Time
Isolate(Phenotype)
Time*Isolate(Phenotype)

w

Conidia germination
Degrees of Freedom
F-value
1
0.75
1
1.03
22
0.86
23
0.44

P>F
0.4788
0.4168
0.6351
0.9812

Phenotype = resistant or sensitive (based on molecularly confirmed phenotypes), time =
mother plate or tenth subculture, isolate(phenotype) = isolates within each phenotype,
time*isolate(phenotype) = interaction between time (mother plate or tenth subculture)
and isolates within each phenotype.
y
SSLBA = Soybean stem-lima bean agar
z
WA = Water agar
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Figure 2.8

A QoI-resistant Cercospora sojina isolate, MS Cs 396, exhibited
significantly reduced colony growth (P = 0.0010) on soybean stem-lima
bean agar following ten 14-day subcultures (T2) compared to initial growth
from the mother plate (T1).

Reduced growth was observed after cultures incubated in a growth chamber set at 25°C
with a 12-h photoperiod (fluorescent and black lights). Means designated with the same
letter are not significantly different based on LS Means (α = 0.05).
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Table 2.5

Fitness measurements of colony growth and conidia production and
germination of QoI-resistant and -sensitive isolates of Cercospora sojina.
Fitness Measurementsw
Colony Colony Colony Colony
Conidia
growth at growth at growth at growth at production
25°C
17°C
25°C
32°C
(×105
(mm,
(mm,
(mm,
(mm, conidia/ml,
light)
dark)
dark)
dark)
SSLBAx)y

Conidia
production
(×103
conidia/ml,
WAz)

Conidia
germination
(%)

Isolate
Resistant
23.6
12.7
18.6
4.35
12.5 a-c
5.00
83.8
MS Cs 11
23.0
11.2
18.1
4.56
2.6 f
1.67
92.5
MS Cs 34
21.4
13.4
18.8
4.96
8.2
c-e
2.08
87.3
MS Cs 61
22.0
13.0
17.2
4.58
7.3 d-f
3.75
95.8
MS Cs 73
21.5
12.1
18.0
4.21
5.5 ef
5.97
90.3
MS Cs 102
21.6
11.8
19.4
4.71
5.9 ef
2.50
91.6
MS Cs 104
21.5
12.5
18.2
4.46
16.7 a
5.83
76.2
MS Cs 100
22.3
9.7
19.6
4.63
8.4 c-e
3.33
85.8
MS Cs 200
22.0
11.6
16.5
4.50
9.9 b-e
3.06
81.3
MS Cs 260
20.7
11.3
18.0
4.33
11.1 b-d
3.47
87.3
MS Cs 310
19.3
10.8
17.1
4.35
7.7 c-f
2.64
84.8
MS Cs 396
21.9
10.8
24.4
5.44
13.8 ab
5.00
86.3
MS Cs 401
23.4
11.6
18.4
5.04
9.1 b-e
2.64
95.3
MS Cs 505
Mean
21.9
11.7
18.6
4.62
9.1
3.61
87.5
p-value
<0.0001 0.0013 <0.0001 0.0004
0.0001
0.0234
0.0021
Sensitive
20.0
11.6
18.8
3.83
9.1 a-c
2.64
92.9
MS Cs 31
24.1
12.3
20.6
6.14
3.8 e-g
1.94
88.5
MS Cs 36
23.0
11.1
19.5
4.98
2.2 g
1.67
86.0
MS Cs 48
23.7
11.7
19.7
4.27
6.1 c-f
1.67
92.9
MS Cs 13
25.1
12.9
20.7
5.21
3.6 e-g
1.53
89.5
MS Cs 53
22.7
12.4
21.3
5.23
8.5 a-d
2.92
84.5
MS Cs 94
23.1
12.0
19.6
6.63
10.3 a
2.64
82.4
MS Cs 109
24.0
16.4
20.9
4.42
3.3 fg
0.56
93.6
MS Cs 213
22.3
10.6
19.5
6.55
9.5 ab
3.61
85.1
MS Cs 390
21.4
10.8
18.1
4.85
6.7 b-e
4.03
91.2
MS Cs 418
20.6
10.5
18.4
5.25
5.2 d-g
1.39
92.0
MS Cs 500
Mean
22.7
12.0
19.7
5.21
6.2
2.23
89.0
p-value
<0.0001 0.0013 <0.0001 0.0004
0.0001
0.0321
0.0021
w
Means (n = 576) of pooled data from the mother plate and the tenth subculture. The data for the
three repeated experiments of each fitness measurement study were not statistically different;
therefore, the data for all three experiments of each fitness measurement were pooled for a
combined analysis
x
SSLBA = Soybean stem-lima bean agar
y
Means within sensitive and resistant phenotypes followed by the same letter are not significantly
different based on LS Means (α = 0.05).
z
WA= water agar
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Figure 2.9

Mean conidia production (×105 conidia/ml) on soybean stem-lima bean
agar of the QoI-resistant and QoI-sensitive phenotypes of the Cercospora
sojina isolates from Mississippi, after a 14-day incubation in a growth
chamber set at 25°C.

Means designated with the same letter are not significantly different based on LS Means
(α = 0.05).
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Figure 2.10

Mean conidia production (×103 conidia/ml) on water agar of the QoIresistant and QoI-sensitive phenotypes of the Cercospora sojina isolates
from Mississippi, after a 14-day incubation in a growth chamber set at
25°C.

Means designated with the same letter are not significantly different based on LS Means
(α = 0.05).

Isolate virulence
When isolates were derived from the mother plate, virulence, determined by
calculating the percent area of leaf necrosis, was not significantly different for phenotype
(resistant or sensitive) or isolates within each phenotype (Table 2.6). Although no
significant differences were observed between phenotypes, numerically there was an 86%
increase in percent area of leaf necrosis in the resistant phenotype compared to the
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sensitive phenotype (Figure 2.11; Table 2.8). Frogeye leaf spot symptoms were observed
on soybean, cultivar Dyna-Gro 37RY47, 21 days post-inoculation with QoI-resistant and
-sensitive C. sojina isolates (Figure 2.12). The percent area of leaf necrosis differed by as
much as 93% among isolates within the resistant phenotype (Table 2.8 column A). In
contrast, the percent area of leaf necrosis among sensitive isolates differed by as much as
81.3% (Table 2.8 column A). When comparing virulence measurements from the mother
plate and the tenth subculture, there were no significant differences for phenotype
(resistant or sensitive), time (mother plate or tenth subculture), or isolates within each
phenotype, nor was there a significant interaction between time and isolates within each
phenotype (Table 2.7). The percent area of leaf necrosis when compared between mother
plate and tenth subculture differed by as much as 42% within the resistant phenotype,
while within the sensitive phenotype the percent area of leaf necrosis differed by as much
as 83.3% (Table 2.8 column B).

Table 2.6

Analysis of variance for virulence of Cercospora sojina on soybean
inoculated with QoI-resistant and -sensitive isolates from the mother plate.

Virulence (% leaf necrosis)
Degrees of
F-value
P>F
z
Source
Freedom
1
9.93
0.0877
Phenotype
22
1.16
0.3286
Isolate(Phenotype)
z
Phenotype = resistant or sensitive (based on molecularly confirmed phenotypes),
isolate(phenotype) = isolates within each phenotype
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Table 2.7

Analysis of variance for virulence of Cercospora sojina on soybean
inoculated with QoI-resistant and -sensitive isolates from the mother plate
and tenth subculture.

Virulence (% leaf necrosis)
Degrees of
F-value
P>F
z
Source
Freedom
1
0.15
0.7393
Phenotype
1
0.36
0.6112
Time
4
1.39
0.3210
Isolate(Phenotype)
5
0.38
0.8467
Time*Isolate(Phenotype)
z
Phenotype = resistant or sensitive (based on molecularly confirmed phenotypes), time =
mother plate or tenth subculture, isolate(phenotype) = isolates within each phenotype,
time*isolate(phenotype) = interaction between time (mother plate or tenth subculture)
and isolates within each phenotype.

60

Table 2.8

Virulence of QoI-resistant and -sensitive Cercospora sojina isolates on
soybean of cultivar Dyna-Gro 37RY47 as assessed by the percent leaf
necrosis, after soybean were inoculated with a 30-ml conidial suspension
(5×104 conidia/ml), then quantifying percent leaf necrosis 21 days postinoculation using Assess 2.0 image analysis software.
A
Mother platex

Virulence (% area leaf necrosis)
B
Mother plate
Tenth subculturey

Pooledz
Isolate
Resistant
MS Cs 11
1.94
MS Cs 34
0.39
0.86
0.21
0.53
MS Cs 61
3.53
MS Cs 73
3.63
MS Cs 102
2.29
3.43
2.79
3.12
MS Cs 104
3.37
3.18
2.42
2.80
MS Cs 100
2.81
MS Cs 200
3.67
MS Cs 260
3.52
MS Cs 310
3.30
MS Cs 396
5.55
MS Cs 401
4.15
MS Cs 505
1.79
Mean
3.07
2.49
1.81
2.15
Sensitive
MS Cs 31
0.80
1.16
2.60
1.89
MS Cs 36
1.39
MS Cs -48
1.85
MS Cs 13
0.54
MS Cs 53
1.58
MS Cs 94
2.55
1.92
1.47
1.69
MS Cs 109
2.89
MS Cs 213
0.81
MS Cs 390
1.88
MS Cs 418
1.92
MS Cs 500
2.00
0.87
1.33
1.10
Mean
1.65
1.32
1.80
1.56
x
Mother plate = first pure culture on soybean stem-lima bean agar derived from longterm storage material
y
Tenth subculture = a culture obtained from 10 consecutive 14-day subcultures starting
from the mother plate
z
Pooled = mother plate and tenth subculture data were combined for the three repeated
experiments. The data for the three repeated experiments of each study were not
statistically different; therefore, the data for all three experiments of each study were
pooled for a combined analysis.
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Figure 2.11

Area of leaf necrosis (%) of the resistant and sensitive phenotypes of the
Cercospora sojina isolates from Mississippi.

Means designated with the same letter are not significantly different based on LS Means
(α = 0.05). A. A leaflet with an area of leaf necrosis rating of 3.07%. B. A leaflet with
an area of leaf necrosis rating of 1.65%.
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Soybean exhibiting frogeye leaf spot symptoms after being inoculated with Cercospora sojina isolates from
Mississippi.

A. Soybean plants, cultivar Dyna-Gro 37RY47, 21 days post-inoculation with QoI-resistant C. sojina isolate MS Cs 73 exhibiting frogeye leaf spot symptoms. B. A close up of a soybean leaf 21 days post-inoculation with QoI-resistant C. sojina isolate MS Cs 73
exhibiting frogeye leaf spot symptoms. Leaflets inoculated with this isolate received an average rating of 9.26% area of leaf necrosis. C. Soybean plants, cultivar Dyna-Gro 37RY47, 21 days post-inoculation with QoI-resistant C. sojina isolate MS Cs 200
exhibiting frogeye leaf spot symptoms. D. A close up of a soybean leaf 21 days post-inoculation with QoI-resistant C. sojina isolate MS Cs 200 exhibiting frogeye leaf spot symptoms. Leaflets inoculated with this isolate received an average rating of 8.05% area
of leaf necrosis. E. Soybean plants, cultivar Dyna-Gro 37RY47, 21 days post-inoculation with QoI-resistant C. sojina isolate MS Cs 49 exhibiting frogeye leaf spot symptoms. F. A close up of a soybean leaf 21 days post-inoculation with QoI-resistant C. sojina
isolate MS Cs 49 exhibiting frogeye leaf spot symptoms. Leaflets inoculated with this isolate received an average rating of 12.37% area of leaf necrosis. G. Soybean plants, cultivar Dyna-Gro 37RY47, 21 days post-inoculation with QoI-resistant C. sojina isolate
MS Cs 390 exhibiting frogeye leaf spot symptoms. H. A close up of a soybean leaf 21 days post-inoculation with QoI-resistant C. sojina isolate MS Cs 390 exhibiting frogeye leaf spot symptoms. Leaflets inoculated with this isolate received an average rating of
11.93% area of leaf necrosis.

Figure 2.12

Phylogenetic analysis
In the phylogenetic tree, based on a concatenated sequence alignment, all C.
sojina isolates included in the current study were grouped in a well-supported clade with
ML bootstrap support of 100% (Figure 2.13). The C. sojina isolates collected from
Mississippi and characterized in the current research were grouped in a subclade with a
BI posterior probability of 0.93 (Figure 2.13). There was no divergence among QoIresistant and -sensitive C. sojina isolates within the subclade (Figure 2.13). The
topologies of the individual gene phylograms are consistent with the concatenated gene
tree showing no distinct differences among QoI-resistant and -sensitive C. sojina isolates
collected in Mississippi (Figure A.1–A.5).
The concatenated sequence alignment of 24 Mississippi C. sojina isolates and 24
reference strains consisted of 2,508 sites including gaps with 2,022 conserved sites and
307 variable sites; of all the sites, 81 (3.23%) were parsimony-informative and 226
(9.01%) were parsimony-uninformative. The aligned ITS sequences consisted of 645
sites including gaps, with 627 conserved sites and 16 variable sites; of all the sites, 6
(0.93%) were parsimony-informative and 10 (9.01%) were parsimony-uninformative.
The aligned ACT sequences consisted of 456 sites including gaps, with 401 conserved
sites and 54 variable sites; of all the sites, 15 (3.29%) were parsimony-informative and 39
(8.55%) were parsimony-uninformative. The aligned TEF sequences consisted of 521
sites including gaps, with 397 conserved sites and 111 variable sites; of all the sites, 23
(4.41%) were parsimony-informative and 88 (16.89%) were parsimony-uninformative.
The aligned CAL sequences consisted of 471 sites including gaps, with 236 conserved
sites and 82 variable sites; of all the sites, 25 (5.31%) were parsimony-informative and 57
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(12.10%) were parsimony-uninformative. The aligned HIS sequences consisted of 415
sites including gaps, with 361 conserved sites and 44 variable sites; of all the sites, 12
(2.89%) were parsimony informative and 32 (7.71%) were parsimony uninformative.
Pairwise distance comparisons of C. sojina with other Cercospora spp. strains ranged
from 0.4 to 0.9% based on ITS, 3.2 to 4.3% based on ACT, 0.3 to 0.5% based on TEF, 6.4
to 7.3% based on CAL, 1.6 to 2.5% based on HIS, and 0.9 to 1.1% when all sequences
were concatenated. Pairwise distance comparisons of Mississippi C. sojina isolates with
reference C. sojina strains from Argentina and South Korea (Table A.1) ranged from 0 to
0.4% based on ITS, 0 to 0.8% based on CAL, 0 to 0.5% based on HIS, and 0 to 0.1%
when all sequences were concatenated. Pairwise distance comparisons of Mississippi C.
sojina isolates with reference C. sojina strains from Argentina and South Korea (Table
A.1) were 0 based on ACT and 0 based on TEF sequences. Pairwise distance
comparisons of Mississippi C. sojina QoI-resistant isolates with reference to the
Mississippi C. sojina QoI-sensitive isolates ranged from 0 to 0.4% based on CAL
sequences. Pairwise distance comparisons of Mississippi C. sojina QoI-resistant isolates
with reference to the Mississippi C. sojina QoI-sensitive isolates were 0 based on ITS, 0
based on ACT, 0 based on TEF, 0 based on HIS, and 0 when all sequences were
concatenated.
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Figure 2.13

Maximum Likelihood (ML) phylogram of the concatenated partial
sequences of ITS, ACT, TEF, CAL, and HIS. MS = Mississippi, Cs =
Cercospora sojina, Cn = Cercospora cf. nicotianae, Csi = Cercospora cf.
sigesbeckiae, Ck = Cercospora kikuchii, Sp = Septoria provencialis, S =
sensitive, and R = resistant.

Septoria provencialis (CBS 118910) was chosen as the outgroup taxon. Bayesian
inference (BI) posterior probabilities ≥ 0.70 are presented above nodes and ML bootstrap
values ≥ 50% are presented below nodes. BI and ML analyses were conducted in
MrBayes 3.1.2 and MEGA6, respectively. Isolates in orange and green are QoI-resistant
isolates and QoI-sensitive isolates from Mississippi, respectively.
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Discussion
The isolates for the current study were selected in order to obtain an equal
distribution of QoI-resistant and -sensitive C. sojina isolates from soybean across the
state of Mississippi, which would allow for a better understanding of the C. sojina
populations as a whole across Mississippi. The results of the current study suggest that
QoI-resistant C. sojina isolates from soybean in Mississippi are as equally fit as the QoIsensitive C. sojina isolates from soybean in Mississippi in terms of colony growth,
conidia production and germination, and virulence. The results of the current study also
suggest that the QoI-resistant C. sojina isolates from Mississippi are genetically similar to
the QoI-sensitive C. sojina isolates from Mississippi. Overall, the results of the current
study indicate that there is no fitness cost associated with QoI resistance in C. sojina from
Mississippi soybean.
The phenotypic stability of QoI-resistant C. sojina isolates was evaluated in vitro
in the absence of the QoI fungicide selection pressure. The QoI-resistant C. sojina
isolates evaluated in this study had no inhibition to azoxystrobin at 10 ppm, the greatest
concentration tested, after ten consecutive subcultures signifying that QoI-resistance is
stable at this concentration of azoxystrobin. After ten consecutive subcultures, the QoIsensitive isolates maintained sensitivity indicating QoI-sensitivity in C. sojina isolates is
also stable. The stability of QoI-resistant C. sojina isolates indicates that the nucleotide
substitution in the QoI-resistant C. sojina populations is not a brief modification of the
pathogen to the fungicide that can be reversed in the absence of fungicide selection
pressure. Rather, the fitness of QoI resistance, as shown in the current study, is a concern
for the soybean industry in Mississippi. Studies have reported similar stability in QoI67

resistant isolates of A. alternata, B. cinerea, D. bryoniae, E. graminis, E. necator, M.
grisea, M. oryzae, and P. pachyrhizi; the QoI-resistant isolates of these pathogens
contained either the G143A or the F129L amino acid substitution in the CYTB (AvilaAdame and Köller 2003; Chin et al. 2001; Finger 2013; Kim and Xiao 2011; Klosowski
et al. 2016; Ma and Uddin 2009; Rallos et al. 2014; Vega and Dewdney 2014). The
stability of resistance to other fungicide classes has also been reported in isolates of A.
alternata, B. cinerea, and Penicillium digitatum (Pers. Fr.) Sacc. (Bardas et al. 2008; Fan
et al. 2015; Holmes and Eckert 1995). Conversely, other studies have reported a loss or
reduction of resistance stability in QoI-resistant isolates of B. cinerea, C. gloeosporioides
(Penz.) Penz. & Sacc., Corynespora cassiicola (Berk. & M. A. Curtis) C. T. Wei,
Mycosphaerella graminicola, Mycovellosiella nattrassii Deighton, P. viticola, U. maydis,
and Venturia inaequalis (Cooke) G. Winter (Genet et al. 2006; Ishii et al. 2007;
Markoglou et al. 2006; Miguez et al. 2003; Zheng et al. 2000; Ziogas et al. 2002) as well
as a loss or reduction of resistance stability following repeated application of fungicide
products from other fungicide classes such as the DMIs (Cox et al. 2006).
QoI fungicide resistance associated with the G143A substitution affects the
structure of the Qo site, which could decrease the activity of the cytochrome bc1 complex,
affecting the fitness of pathogens differently (Fisher and Meunier 2008). Some QoIresistant isolates of B. cinerea, M. oryzae, and U. maydis exhibited a decline in fitness
when compared to wild-type, sensitive isolates when measuring fitness using parameters
similar to those in the current study (Ma and Uddin 2009; Markoglou et al. 2006; Ziogas
et al. 2002). However, the current study indicated that QoI-resistant C. sojina isolates
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from Mississippi did not develop a fitness cost based on the fitness measurements
assessed.
All colony growth, conidia production, and conidia germination studies were
conducted using the mother plate and the tenth subculture of all isolates to determine if
there was a loss of viability and virulence through subculturing. As a phenotype, QoIresistant C. sojina isolates had colony growth at 25°C (light and dark), 17°C (dark), and
32°C (dark), conidia production on SSLBA and WA, and conidia germination similar to
those of the QoI-sensitive phenotype. Previously, a study by Cox et al. (2007) suggested
that the cost of resistance to QoIs may vary with different environmental conditions and
be more costly under conditions suboptimal for fungal growth. Suboptimal growing
conditions, including temperatures at 17°C, 25°C, and 32°C (dark) and nutrient-minimal
media (WA), were used to evaluate colony growth and conidia production of all QoIresistant and -sensitive isolates of C. sojina tested in the current study. The suboptimal
conditions had no effect on the fitness of C. sojina isolates in the current study, nor did
the optimal conditions. When isolates were grown under optimal, 25°C (light) for colony
growth and SSLBA for conidia production, they had greater colony growth and conidia
production than when grown under suboptimal conditions. The suboptimal growing
conditions were not conducive to colony growth or conidia production of the C. sojina
isolates. In contrast to other studies of fitness on various fungicide-resistant pathogens,
no significant variation was observed among isolates within phenotypes for any of the
fitness measurements except conidia production on SSLBA. The variability among
isolates within phenotypes in conidia production on SSLBA could be a possible
explanation for the lack of significant differences seen between the two phenotypes for
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conidia production on SSLBA. The variability among isolates within phenotypes in
conidia production on SSLBA and the resistant isolate (MS Cs 396) for which there was
a significant interaction between time and isolates within each phenotype for colony
growth at 25°C (light) is not enough evidence to confirm that a fitness cost is associated
with QoI resistance in C. sojina.
The results of the current study are similar to results reported on QoI-resistant
isolates of A. alternata and B. cinerea in which there were no differences in the fitness
components measured, which were the same as those measured in the current study (Kim
and Xiao 2011; Karaoglanidis et al. 2011; Vega and Dewdney 2014). Kim and Xiao
(2011), Karaoglanidis et al. (2011), and Vega and Dewdney (2014) reported in their
studies with QoI-resistant isolates of A. alternata and B. cinerea that there was great
variability among isolates within the same phenotype, yet the mean mycelial growth,
mean spore production, and mean conidia germination were not significantly different
between phenotypes. Although no statistical significant difference was observed between
phenotypes for conidia production on SSLBA in the current study, there is a biological
significance. Since conidia are C. sojina’s primary propagule for infection, increased
conidia production in the QoI-resistant isolates compared to the QoI-sensitive isolates is
biologically significant. A greater amount of conidia from the QoI-resistant isolates is
being disseminated, therefore increasing the QoI-resistant population of C. sojina. The
results of the current study are also similar to results of an absence of a fitness cost
associated with QoI-resistant isolates of A. alternata, B. cinerea, D. bryoniae, E.
graminis, E. necator, and M. grisea based on the fitness measurements of mycelial
growth, spore production, spore germination, virulence, and QoI sensitivity and stability
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(Avila-Adame and Köller 2003; Chin et al. 2001; Finger 2013; Karaoglanidis et al. 2011;
Kim and Xiao 2011; Rallos et al. 2014; Vega and Dewdney 2014). The lack of a penalty
in fitness among the QoI-resistant C. sojina isolates from Mississippi indicates that these
resistant isolates will likely remain in the population even in the absence of QoI fungicide
selection pressure.
Two greenhouse studies were conducted to determine isolate virulence; each
study was repeated twice. The first study was conducted using 24 C. sojina isolates from
Mississippi. The conidia for these experiments were derived from the mother plates. The
second study included six of the 24 selected C. sojina isolates used in the first study. The
conidia for these experiments were derived from the tenth subculture as well as from the
mother plate of the same isolates. This second virulence study was conducted to
determine if there was a loss of viability and virulence in the conidia due to subculturing.
The results of these two virulence studies revealed no significant differences between the
QoI-resistant and -sensitive C. sojina isolates from Mississippi. These results are similar
to the findings in B. cinerea and M. grisea in which QoI-resistant isolates containing the
G143A amino acid substitution were not impaired in virulence and no significant
differences were observed in mean values of virulence compared to the wild-type,
sensitive isolates (Avila-Adame and Köller 2003; Kim and Xiao 2011). In contrast, QoIresistant isolates of Z. tritici (Hagerty and Mundt 2016), as well as DMI-resistant isolates
of Cercospora beticola Sacc. (Karaoglanidis et al. 2001), showed reduced virulence when
compared to sensitive isolates.
A multi-locus phylogenetic analysis was conducted to evaluate genotypic
similarities among the QoI-resistant and -sensitive C. sojina isolates collected from
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soybean in Mississippi. The multi-locus phylogenetic analysis, based on the chosen gene
loci, resulted in a well-supported subclade that included both QoI-resistant and -sensitive
C. sojina isolates from Mississippi. There was no divergence within the subclade
containing Mississippi C. sojina isolates indicating genetic similarity among the QoIresistant and -sensitive isolates. In contrast to the current study, phylograms of QoIresistant isolates of C. siamense and P. fusca were divergent from QoI-sensitive isolates
(Fernández-Ortuño et al. 2008a; Hu et al. 2015); similar results as those reported in C.
siamense and P. fusca were also observed in C. siamense and C. truncatum in which
isolates resistant to non-QoI containing fungicides did not diverge from sensitive isolates
(Hu et al. 2015; Ramdial et al. 2016). One reason behind the lack of divergence in the
current study in comparison to the other reported studies could be because a greater
number of genes were used in the current study compared to the other reported studies.
The absence of fitness costs associated with QoI-resistance in C. sojina isolates
from Mississippi has vital implications for disease management. Resistance management
strategies should aim to control the resistance in populations where those isolates are
present and to delay the onset of QoI-resistance in the few locations in Mississippi where
QoI-sensitive isolates are present. Resistance of C. sojina to QoI fungicides exists in
greater than 94% of the previously sampled C. sojina population from Mississippi
(Standish et al. 2015). However, based on the isolates investigated, there is no fitness
cost associated with the QoI resistance of these isolates; therefore, the continued use of
QoI fungicides will ultimately eliminate the wild-type, sensitive isolates.
In terms of fungicide use for frogeye leaf spot management in susceptible soybean
cultivars, the application of triazoles as tank-mix partners with QoIs at recommended
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label rates may be an effective approach for resistance management. It is still beneficial
to add the QoIs in a tank-mix because they will manage the sensitive portion of the
population while the tank-mix partner will manage the resistant portion of the population.
Host resistance and crop rotation are also important components for resistance
management that Mississippi soybean producers may employ and hope to delay the
development of additional resistance within the C. sojina population since fungicide
applications may be decreased with these two options. Additional research is needed to
confirm whether fitness affects the competitive ability and aggressiveness of QoIresistant and -sensitive C. sojina isolates under field conditions. Further research is also
needed to establish baseline sensitivities to alternative fungicides so that they may be
monitored for resistance development within the C. sojina population.
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SUPPLEMENTARY MATERIAL
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Culture Accession
Numbery
MS Cs 11-R
MS Cs 31-S
MS Cs 34-R
MS Cs 36-S
MS Cs 48-S
MS Cs 61-R
MS Cs 73-R
MS Cs 102-R
MS Cs 104-R
MS Cs 13-S
MS Cs 53-S
MS Cs 94-S
MS Cs 100-R
MS Cs 109-S
MS Cs 213-S
MS Cs 260-R
MS Cs 310-R
MS Cs 200-R
MS Cs 390-S
Countryz
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
ITS
KY645975
KY645976
KY645977
KY645978
KY645979
KY645980
KY645981
KY645982
KY645983
KY645984
KY645985
KY645986
KY645987
KY645988
KY645989
KY645990
KY645991
KY645992
KY645993

ACT
KY785702
KY785704
KY785705
KY785706
KY785707
KY785709
KY785710
KY785713
KY785714
KY785703
KY785708
KY785711
KY785712
KY785715
KY785717
KY785718
KY785719
KY785716
KY785720

TEF
KY867474
KY867478
KY867480
KY867482
KY867484
KY867488
KY867490
KY867496
KY867498
KY867476
KY867486
KY867492
KY867494
KY867500
KY867504
KY867506
KY867508
KY867502
KY867510

CAL
KY785695
KY785693
KY785692
KY785691
KY785690
KY785688
KY785687
KY785684
KY785683
KY785694
KY785689
KY785686
KY785685
KY785682
KY785680
KY785679
KY785678
KY785681
KY785701

GenBank Accession Number
HIS
KY867473
KY867477
KY867479
KY867481
KY867483
KY867487
KY867489
KY867495
KY867497
KY867475
KY867485
KY867491
KY867493
KY867499
KY867503
KY867505
KY867507
KY867501
KY867509

Culture accession numbers, country of origin, and GenBank accession numbers of reference fungal isolates collected
from soybean and used in the phylogenetic analyses.

Species Name
Cercospora sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
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C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. kikuchii
C. kikuchii
C. kikuchii
C. kikuchii
C. cf. nicotianae
C. cf. sigesbeckiae
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina
C. sojina

Table A.1 (Continued)
MS Cs 396-R
MS Cs 401-R
MS Cs 418-S
MS Cs 500-S
MS Cs 505-R
CBS 128.7
CBS 132633
CBS 135.28
MUCC 590
CBS 132632
MUCC 589
CBS 132018
CBS 132615
CBS 132684
CPC 11420
CPC 17964
CPC 17965
CPC 17966
CPC 17967
CPC 17968
CPC 17969
CPC 17970
CPC 17972
CPC 17973
CPC 17974

U.S.
U.S.
U.S.
U.S.
U.S.
Japan
Argentina
Japan
Japan
Mexico
Japan
South Korea
South Korea
Argentina
South Korea
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina

KY645994
KY645995
KY645996
KY645997
KY645998
DQ835070
JX143619
DQ835071
JX143620
JX143631
JX143657
GU214655
JX143659
JX143660
JX143661
JX143662
JX143663
JX143664
JX143665
JX143666
JX143667
JX143668
JX143669
JX143670
JX143671
KY785721
KY785722
KY785723
KY785724
KY785725
DQ835107
JX143132
DQ835108
JX143133
JX143144
JX143170
JX143172
JX143173
JX143174
JX143175
JX143176
JX143177
JX143178
JX143179
JX143180
JX143181
JX143182
JX143183
JX143184
JX143185

KY867512
KY867514
KY867516
KY867518
KY867520
DQ835088
JX143378
DQ835089
JX143379
JX143390
JX143416
JX143418
JX143419
JX143420
JX143421
JX143422
JX143423
JX143424
JX143425
JX143426
JX143427
JX143428
JX143429
JX143430
JX143431

KY785700
KY785699
KY785698
KY785697
KY785696
DQ835134
JX142886
DQ835135
JX142887
JX142898
JX142924
JX142926
JX142927
JX142928
JX142929
JX142930
JX142931
JX142932
JX142933
JX142934
JX142935
JX142936
JX142937
JX142938
JX142939

KY867511
KY867513
KY867515
KY867517
KY867519
DQ835161
JX142640
DQ835162
JX142641
JX142652
JX142678
JX142680
JX142681
JX142682
JX142683
JX142684
JX142685
JX142686
JX142687
JX142688
JX142689
JX142690
JX142691
JX142692
JX142693
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C. sojina
CPC 17975
Argentina
JX143672
JX143186 JX143432
JX142940 JX142694
C. sojina
CPC 17976
Argentina
JX143673
JX143187 JX143433
JX142941 JX142695
C. sojina
CPC 17977
Argentina
JX143674
JX143188 JX143434
JX142942 JX142696
Septoria
CBS 118910
France
DQ303096 JX143276 JX143522
JX143030 JX142784
provencialis
y
CBS = CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands; CPC = Culture collection of Pedro Crous, housed by
CBS; MUCC= Culture Collection, Laboratory of Plant Pathology, Mie University, Tsu, Mie Prefecture, Japan
z
U.S. = United States

Table A.1 (Continued)

Figure A.1

Maximum Likelihood (ML) phylogram based on the aligned partial
sequences of the internal transcribed spacer (ITS) region.

MS = Mississippi, Cs = Cercospora sojina, Cn = Cercospora cf. nicotianae, Csi = Cercospora cf.
sigesbeckiae, Ck = Cercospora kikuchii, Sp = Septoria provencialis, S = sensitive, and R =
resistant. Septoria provencialis (CBS 118910) was chosen as the outgroup taxon. Bayesian
inference (BI) posterior probabilities ≥ 0.70 are presented above nodes; ML bootstrap values ≥
50% are presented below nodes. BI and ML analyses were conducted in MrBayes 3.1.2 and
MEGA6, respectively. Isolates in orange and green are QoI-resistant isolates and QoI-sensitive
isolates from Mississippi, respectively.
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Figure A.2

Maximum Likelihood (ML) phylogram based on the aligned partial
sequences of the actin (ACT) gene.

MS = Mississippi, Cs = Cercospora sojina, Cn = Cercospora cf. nicotianae, Csi = Cercospora cf.
sigesbeckiae, Ck = Cercospora kikuchii, Sp = Septoria provencialis, S = sensitive, and R =
resistant. Septoria provencialis (CBS 118910) was chosen as the outgroup taxon. Bayesian
inference (BI) posterior probabilities ≥ 0.70 are presented above nodes; ML bootstrap values ≥
50% are presented below nodes. BI and ML analyses were conducted in MrBayes 3.1.2 and
MEGA6, respectively. Isolates in orange and green are QoI-resistant isolates and QoI-sensitive
isolates from Mississippi, respectively.
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Figure A.3

Maximum Likelihood (ML) phylogram based on the aligned partial
sequences of the translation elongation factor 1-alpha (TEF) gene.

MS = Mississippi, Cs = Cercospora sojina, Cn = Cercospora cf. nicotianae, Csi =
Cercospora cf. sigesbeckiae, Ck = Cercospora kikuchii, Sp = Septoria provencialis, S =
sensitive, and R = resistant. Septoria provencialis (CBS 118910) was chosen as the
outgroup taxon. Bayesian inference (BI) posterior probabilities ≥ 0.70 are presented
above nodes; ML bootstrap values ≥ 50% are presented below nodes. BI and ML
analyses were conducted in MrBayes 3.1.2 and MEGA6, respectively. Isolates in orange
and green are QoI-resistant isolates and QoI-sensitive isolates from Mississippi,
respectively.
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Figure A.4

Maximum Likelihood (ML) phylogram based on the aligned partial
sequences of the calmodulin (CAL) gene.

MS = Mississippi, Cs = Cercospora sojina, Cn = Cercospora cf. nicotianae, Csi =
Cercospora cf. sigesbeckiae, Ck = Cercospora kikuchii, Sp = Septoria provencialis, S =
sensitive, and R = resistant. Septoria provencialis (CBS 118910) was chosen as the
outgroup taxon. Bayesian inference (BI) posterior probabilities ≥ 0.70 are presented
above nodes; ML bootstrap values ≥ 50% are presented below nodes. BI and ML
analyses were conducted in MrBayes 3.1.2 and MEGA6, respectively. Isolates in orange
and green are QoI-resistant isolates and QoI-sensitive isolates from Mississippi,
respectively.
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Figure A.5

Maximum Likelihood (ML) phylogram based on the aligned partial
sequences of the histone (HIS) gene.

MS = Mississippi, Cs = Cercospora sojina, Cn = Cercospora cf. nicotianae, Csi = Cercospora cf.
sigesbeckiae, Ck = Cercospora kikuchii, Sp = Septoria provencialis, S = sensitive, and R =
resistant. Septoria provencialis (CBS 118910) was chosen as the outgroup taxon. Bayesian
inference (BI) posterior probabilities ≥ 0.70 are presented above nodes; ML bootstrap values ≥
50% are presented below nodes. BI and ML analyses were conducted in MrBayes 3.1.2 and
MEGA6, respectively. Isolates in orange and green are QoI-resistant isolates and QoI-sensitive
isolates from Mississippi, respectively.
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